Corneal Epithelial Cell Fate Is Maintained during Repair by Notch1 Signaling via the Regulation of Vitamin A Metabolism  by Vauclair, Sophie et al.
Developmental Cell
ArticleCorneal Epithelial Cell Fate Is Maintained
during Repair by Notch1 Signaling
via the Regulation of Vitamin A Metabolism
Sophie Vauclair,1,5 Franc¸ois Majo,2,3,5 Andre´-Dante Durham,1,5 Norbert B. Ghyselinck,4 Yann Barrandon,2
and Freddy Radtke1,*
1 Swiss Institute for Experimental Cancer Research (ISREC), Ecole Polytechnique Fe´de´rale de Lausanne (EPFL), Chemin des
Boveresses 155, 1066 Epalinges, Switzerland
2 Laboratory of Stem Cell Dynamics, Ecole Polytechnique Fe´de´rale de Lausanne (EPFL) and Centre Hospitalier Universitaire
Vaudois (CHUV), 1015 Lausanne, Switzerland
3 Hoˆpital Ophtalmique, Jules Gonin, 1004 Lausanne, Switzerland
4 Institut de Ge´ne´tique et de Biologie Mole´culaire et Cellulaire, CNRS/INSERM/ULP, Colle`ge de France,
67404 Illkirch Cedex, France
5 These authors contributed equally to this work.
*Correspondence: freddy.radtke@isrec.ch
DOI 10.1016/j.devcel.2007.06.012SUMMARY
Integrity and preservation of a transparent cor-
nea are essential for good vision. The corneal
epithelium is stratified and nonkeratinized and
is maintained and repaired by corneal stem
cells. Here we demonstrate that Notch1 sig-
naling is essential for cell fate maintenance of
corneal epithelium during repair. Inducible abla-
tion of Notch1 in the cornea combined with
mechanical wounding show that Notch1-defi-
cient corneal progenitor cells differentiate into
a hyperplastic, keratinized, skin-like epithelium.
This cell fate switch leads to corneal blindness
and involves cell nonautonomous processes,
characterized by secretion of fibroblast growth
factor-2 (FGF-2) through Notch1/ epithelium
followed by vascularization and remodeling
of the underlying stroma. Vitamin A defi-
ciency is known to induce a similar corneal
defect in humans (severe xerophthalmia). Ac-
cordingly, we found that Notch1 signaling is
linked to vitamin A metabolism by regulating
the expression of cellular retinol binding protein
1 (CRBP1), required to generate a pool of intra-
cellular retinol.
INTRODUCTION
All self-renewing tissues including the cornea contain
stem cells that have the unique ability to both self-renew
and to differentiate into all the cell lineages of their tissue
of origin. Therefore, stem cells are essential for tissue ho-
meostasis and for regeneration after injury. Within each
self-renewing tissue, stem cells often reside in specialized
microenvironments (niches), which are thought to242 Developmental Cell 13, 242–253, August 2007 ª2007 Elsebe important for stem cell maintenance, proliferation,
and differentiation (Fuchs et al., 2004; Moore and
Lemischka, 2006). Over the past few years, a number of
signaling pathways that are important during embryonic
development have been shown to be involved in the
regulation of self-renewing tissues. One of these signaling
pathways is the Notch cascade.
The Notch-signaling pathway is evolutionarily con-
served and has been shown to regulate a broad spectrum
of events during embryonic and postnatal development
(Artavanis-Tsakonas et al., 1999). Notch proteins com-
prise a family of four transmembrane receptors that bind
ligands of the Jagged and Delta-like families, thus trigger-
ing Notch signaling. This leads to a cascade of proteolytic
cleavages liberating the intracellular cytoplasmic domain
of Notch receptors, which subsequently translocate to
the nucleus, where they bind the CSL transcription factor,
thereby activating transcription (Selkoe and Kopan, 2003).
Although the Notch pathway is highly conserved and
mechanistically relatively simple, its physiological function
within different self-renewing tissues is very diverse, rang-
ing from gate-keeper functions for progenitor and/or stem
cells in the brain and the gut to lineage specification of
lymphoid progenitor cells in the hematopoietic system
(Wilson and Radtke, 2006). In the skin, multiple functions
for Notch signaling have been proposed, including induc-
tion of differentiation and inhibition of proliferation as well
as barrier functions (Blanpain et al., 2006; Mammucari
et al., 2005; Rangarajan et al., 2001). Tissue-specific inac-
tivation of the Notch1, CSL, or Presinilin1 and -2 genes
results in hyperproliferation of the skin, hair loss, and epi-
dermal cyst formation (Nicolas et al., 2003; Pan et al.,
2004; Vauclair et al., 2005; Yamamoto et al., 2003). Fur-
thermore, mice with skin-specific inactivation of Notch1
are more susceptible to chemical-induced carcinogenesis
and exhibit derepressed b-catenin and sonic hedgehog
signaling that culminates over time in the spontaneous
development of basal cell carcinoma-like tumors (Nicolas
et al., 2003). In addition, these mice develop a cornealvier Inc.
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Notch1 and Corneal RepairFigure 1. Notch1-DeficientMiceDevelop
a Corneal Plaque
(A) Eyes of control (Ctrl) and Notch1-deficient
(N1 K5CreERT and N1 K14Cre) mice. N1
K5CreERT and N1 K14Cre mice develop a cor-
neal plaque 3 months afterNotch1 inactivation.
(B) Hematoxylin and eosin (H&E) staining of
corneal sections from Ctrl, N1 K5CreERT, and
N1 K14Cre animals. Notch1-deficient corneas
show abnormal epithelial and stromal mor-
phology compared to control corneas.
(C) Higher magnification of the corneal epithe-
lium corresponding to the highlighted region in
(B). Scale bars: 150 mm (B) and 50 mm (C).metaplasia (Nicolas et al., 2003) that causes blindness,
suggesting that Notch1 signaling is important for the
maintenance and/or integrity of corneal epithelium.
Clarity of vision requires a transparent and intact cor-
neal epithelium. According to the World Health Organi-
zation (WHO), 45 million people worldwide are estimated
to be blind. Corneal dysfunction due to disease or injury
is the second-leading cause of blindness, with between
1.5 million and 2 million new cases every year (Whitcher
et al., 2001). Moreover, opacification of the cornea can
also be a consequence of surgical procedures. Therefore,
it is important to understand how the integrity of the cor-
nea is maintained or reestablished after wounding.
The surface of a mammalian cornea is composed of
a nonkeratinized, self-renewing, pluri-stratified epithelium
of ectodermal origin. The epithelium consists of basal and
stratified squamous cells (forming 10% of the corneal
thickness), which are separated from the corneal stroma
(90% of corneal thickness) by a basement membrane.
The bottom of the stroma is bordered by an endothelial
cell layer in contact with the inner part (aqueous humor)
of the eye anterior chamber. The stroma itself is avascular,
which is essential for transparency; it is collagen-rich and
harbors interspersed keratocytes (Daniels et al., 2001).
The corneal epithelium exhibits a dynamic homeostasis
by turning over approximately every 10 days (Haddad,
2000; Hanna et al., 1961). The stem cells orchestrating
this high turnover rate are thought to localize to the basal
cell layer of the limbus region, which is the transition zone
between the cornea and the conjunctiva (Cotsarelis et al.,
1989; Lavker et al., 1991; Schermer et al., 1986).
It is commonly believed that adult tissue stem cells are
responsible for both self-renewal and tissue repair. How-
ever, the molecular mechanisms regulating these events
are poorly understood. Here we demonstrate that Notch1
signaling is essential for tissue repair of the corneal epithe-
lium after injury. Notch1-deficient corneal cells have lostDeveloptheir ability to repair a wounded corneal epithelium. In-
stead of generating a new cornea after injury, they repair
the wound into a hyperproliferative epidermis-like epithe-
lium. This process involves the secretion of fibroblast
growth factor-2 (FGF-2) through Notch1/ epithelium fol-
lowed by vascularization and remodeling of the underlying
stroma. Moreover, we have identified the cellular retinol
binding protein 1 (CRBP1) gene as a direct Notch1 target
within the corneal epithelium, linking the Notch pathway
to vitamin A metabolism, which is crucial for good and
healthy vision. Vitamin A deficiency in humans (and in
mammals in general) can lead to blindness caused by
alterations of the corneal epithelium. The ocular signs
and symptoms of vitamin A deficiency (designated as
xerophthalmia) include opacification and keratinization
of the corneal epithelium accompanied by invasion of
blood vessels into the stroma. All these clinical manifesta-
tions are recapitulated in our mice with Notch1 deficiency
in the corneal epithelium.
RESULTS
Cell Fate Switch of Notch1/ Corneal Epithelium
into Skin-like Epidermis
To study the tissue-specific function of Notch1 signaling
in the skin, we used a conditional gene targeting strategy
in which floxed Notch1 mice (Radtke et al., 1999) were
crossed with K5CreERT (Nicolas et al., 2003; Rangarajan
et al., 2001) or K14Cre mice (Vauclair et al., 2005).
K5CreERT mice allow postnatal skin-specific inactivation
of the Notch1 gene through tamoxifen-induced activation
of the Cre-recombinase, while Notch1 is inactivated dur-
ing embryogenesis in K14Cre mice. Independently of
whether Notch1 is inactivated during embryogenesis or
after birth, the center of the cornea of all Notch1-deficient
mice became opaque and formed a plaque that increased
in size with advancing age (Figure 1A), while the epitheliummental Cell 13, 242–253, August 2007 ª2007 Elsevier Inc. 243
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Notch1 and Corneal RepairFigure 2. Specific Notch1 Inactivation in Corneal Epithelium Results in the Loss of Cornea-Specific Keratins and in the Gain of
Skin-Specific Keratins
(A) Keratin 14 immunohistochemistry (red) on control (Ctrl) corneas indicates that keratin 14 is expressed in the basal layer of the corneal epithelium.
(B) Activated Notch1 immunohistochemistry (green, N1) on control (Ctrl) and Notch1-deficient (N1 K14Cre) corneas.
(C) N1 K14Cre corneal epithelium is hyperproliferative compared to control (Ctrl) corneas, as shown by Ki67 immunohistochemistry (red, Ki67).
(D) Loss of the cornea-specific keratin pair K3/K12 in the corneal epithelium of N1 K14Cre mice compared to control (Ctrl) corneal epithelium, as
indicated by K3/K12 immunohistochemistry (red, K3/K12).
(E) Keratin 14 immunohistochemistry on control (Ctrl) and Notch1-deficient (N1 K5CreERT and N1 K14Cre) corneas, indicating the presence of keratin
14 in the control as well as in Notch1-deficient corneas.
(F and G) Unlike keratin 14, keratin 1 and loricrin are not expressed in the control (Ctrl) corneas but only in the corneal epithelium of N1 K5CreERT
and N1 K14Cre mice, as shown by keratin 1 and loricrin immunohistochemistry. Nuclei were counterstained with DAPI (blue, A–D) or with Mayer’s
hematoxylin (E–G). Scale bars: 50 mm (A–D), left panels; 25 mm (A–D), right panels; and 150 mm (E–G).at the periphery of the cornea remained normal. Histolog-
ical analysis showed extensive thickening and keratiniza-
tion of the corneal epithelium of Notch1-deficient mice
compared to control animals (Figures 1B and 1C). These
preliminary observations suggested an important function
for Notch1 signaling in either maintenance and/or integrity
of corneal epithelium and prompted us to investigate its
role in more detail. As Notch1 inactivation was achieved
by using transgenic mice expressing the Cre-recombi-
nase under either the K5 or K14 promoter, we analyzed
expression patterns of keratin 14 and Notch1 in the cor-
nea. Immunohistochemical studies showed expression
of keratin 14 in the basal cells of the cornea (Figure 2A).
Nuclear Notch1 staining was observed in the basal cell
layers of the corneal epithelium of control mice and was
absent in the vast majority of the corneal epithelial cells
in Notch1K14Cre mice (Figure 2B), indicating the successful
inactivation of theNotch1 gene. This was accompanied by244 Developmental Cell 13, 242–253, August 2007 ª2007 Elsevhyperproliferation as the Notch1-deficient epithelium
showed massive and intense Ki67 staining of almost all
basal cells and most suprabasal cells, while only few cells
of the corneal epithelium of littermate controls stained for
Ki67 (Figure 2C). This increased proliferative activity in the
corneal epithelium in the absence of Notch1 in part
explains the observed thickening of the epithelium.
While normal corneal epithelium is nonkeratinized and
expresses keratins 3 and 12 in the basal cells of the
epithelium (Figure 2D), Notch1-deficient cornea has lost
expression of these keratins, indicating that this epithe-
lium may have changed its cell fate (Figure 2D). As
Notch1-deficient corneas have a keratinized surface and
overall resemble hyperproliferative skin (Figures 1B and
1C), we stained them for epidermis-specific markers.
The corneal epithelium of control animals only stained
for keratin 14. However, corneas of Notch1-deficient
mice expressed keratin 14, keratin 1, and loricrinier Inc.
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Notch1 and Corneal RepairFigure 3. Abnormal Morphology of the
Corneal Stroma of Notch1-Deficient
Mice
(A) Van Giesen staining on control (Ctrl) versus
Notch1-deficient (N1 K14Cre) corneas indicat-
ing the morphological change of the stroma (S
and S0) in the absence of Notch1 in the corneal
epithelium.
(B) Absence of Notch1 in corneal epithelium
results in FGF-2 expression as shown by
FGF-2 immunohistochemistry (red) performed
on Ctrl versus N1 K14Cre corneas. Results
for the Notch1-deficient corneas show FGF-2
expression in the central corneal epithelium
(left panel) as well as in the peripheral corneal
epithelium (right panel).
(C) Recruitment of blood vessels (CD31 po-
sitive) in the Notch1-deficient (N1 K14Cre)
corneas 3 months after Notch1 inactivation.
CD31 (PECAM) immunohistochemistry (red)
wasperformedonN1K14Crecorneas2months,
3 months, and >3 months after gene inactiva-
tion. Keratin 1 immunohistochemistry was
performed in parallel, indicating the presence
of Keratin 1 more than 3 months after gene inac-
tivation. For all immunostaining experiments,
nuclei were counterstained with DAPI (blue).
Scale bars: 50mm (A), 25mm (B), and 150mm (C).(Figures 2E–2G), suggesting that loss of Notch1 results in
a cell fate change into an epidermis-like epithelium.
De Novo Stroma Formation Precedes the Cell Fate
Switch of Notch1-Deficient Corneal Epithelium
The apparent cell fate switch of Notch1-deficient corneal
epithelium always correlated with changes in the corneal
stroma (Figures 1B and 3A). The corneal stroma of control
animals is mostly composed of keratocytes (of neural
crest origin) or quiescent fibroblasts that produce a large
amount of collagen, as shown by Van Giesen staining
(Figure 3A). Although a normal corneal stroma appears
to be maintained in Notch1-deficient animals, a novel
stroma that separates the epidermis-like epithelium from
the old, well-organized, collagen-producing corneal
stroma has formed (Figure 3A, right panel). Furthermore,
while the stroma of control animals is avascular, this novel
stroma of Notch1-deficient animals contains many blood
vessels, as illustrated by CD31 staining (Figure 3C). To in-
vestigate possible mechanisms for the neovascularization
of Notch1-deficient corneas, immunohistochemical stud-
ies for the expression of angiogenic growth factors suchDevelopas vascular endothelial growth factor (VEGF) and FGF-2
(also known as bFGF) were performed. While VEGF stain-
ing was negative (data not shown), FGF-2 expression was
detected in the hyperproliferative as well as in the adja-
cent normal epithelium of Notch1-deficient corneas
(Figure 3B).
In order to investigate the sequential order of events
caused by Notch1 deficiency in the corneal epithelium,
we analyzed the corneas of 4-, 8-, 12-, and 16-week-old
Notch1K14Cre mice and compared them to littermate con-
trols for changes in the stromal vasculature and epithe-
lium. Inactivation of Notch1 in the corneal epithelium
results first in vascularization and simultaneous formation
of a novel stroma. Keratin 1 expression, which indicates
a cell fate change of the Notch1-deficient corneal epithe-
lium into a skin-like fate, occurs only after 3 months, once
the new stroma has formed (Figure 3C).
Notch1 Deficiency Results in Loss
of Meibomian Glands
The cell fate switch from corneal to epidermis-like epithe-
lium is clearly visible 3 months after inactivation of themental Cell 13, 242–253, August 2007 ª2007 Elsevier Inc. 245
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Notch1 and Corneal RepairFigure 4. Abnormal Meibomian Glands of Notch1-Deficient Mice
(A) Abnormal eyelids of Notch1-deficient (N1 K5CreERT and N1 K14Cre) mice compared to control (Ctrl) mice.
(B) Haematoxylin/eosin staining on eyelid sections from control (Ctrl) versus Notch1-deficient (N1 K5CreERT and N1 K14Cre) mice, indicating the
abnormal morphology of the meibomian glands of Notch1-deficient compared to control animals.
(C) Lack of lipids in the meibomian glands of N1 K5CreERT and N1 K14Cre compared to the control (Ctrl) glands, as shown by Sudan black staining
(blue).
(D and E) Keratin 14 and keratin 1 immunohistochemistry indicating that keratin 14 is expressed in control (Ctrl) and Notch1-deficient (N1 K5CreERT
and N1 K14Cre) meibomian glands, whereas keratin 1 is only expressed in the meibomian glands of Notch1-deficient mice. (Scale bars: 150 mm
[B–E]).Notch1 gene in Notch1K5CreERT mice. In order to investi-
gate whether Notch1 is necessary for the development
or maintenance of corneal cell fate during embryonic
development, we intercrossed floxed Notch1 mice with
RosaR26K14Cre mice. Cre-recombinase activity was de-
termined by whole-mount lacZ staining of Notch1/
RosaR26K14Cre embryos at different developmental
stages. Although the Cre-recombinase was active at
E14.5 (data not shown), Notch1K14Cre mice were born
with normal corneas. The corneal plaque was not visible
until 3 months after birth, suggesting that Notch1 signaling
is not essential for the development and/or maintenance246 Developmental Cell 13, 242–253, August 2007 ª2007 Elsevof corneal epithelium during embryogenesis. The long
latency period in development of this phenotype suggests
an indirect mechanism for cell fate switch of Notch1-
deficient corneas. As we noticed that young Notch1K14Cre
mice and Notch1K5CreERT mice developed swollen eye-
lids shortly after Notch1 inactivation (Figure 4A), we
performed histological analysis of the eyelids from control,
Notch1K5CreERT, and Notch1K14Cre mice. The eyelids of
control animals show intact lipid-filled meibomian glands,
which are large sebaceous-like glands that secrete pro-
tective lipids onto the surface of the corneal epithelium.
In contrast, the meibomian glands of Notch1-deficientier Inc.
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Notch1 and Corneal Repairanimals were abnormal and no longer lipid-filled, as
shown by the loss of Sudan black staining (Figures 4B
and 4C). Furthermore, the glands of Notch1-deficient an-
imals, but not of control animals, developed into cyst-like
structures (Figure 4B). In addition, these abnormal cysts in
Notch1-deficient animals were surrounded by an epithe-
lium expressing keratins 14 and 1, suggesting that Notch1
is essential for both maintenance and function of meibo-
mian glands (Figures 4D and 4E).
As meibomian glands are defective in Notch1-deficient
mice, it is conceivable that the cell fate switch of the cor-
neal epithelium might be the indirect consequence of the
meibomian gland dysfunction. To address this possibility,
we histologically analyzed the corneas of Tabby mice
(Gruneberg, 1971a, 1971b), which harbor mutations in
the ectodysplasin A gene (Eda) (Kere et al., 1996), causing
lack of skin appendages, including meibomian glands.
However, in our hands, these mice never developed any
comparable abnormalities in the corneal epithelium even
at the age of 1 year (see Figure S1 in the Supplemental
Data available with this article online). Moreover, corneas
of wild-type mice in which meibomian glands were surgi-
cally removed remained normal (data not shown). These
results suggest that the absence of the meibomian glands
cannot be the principal cause for cell fate switch of the
Notch1-deficient corneal epithelium.
Notch1 Is Essential for Wound Healing
of the Corneal Epithelium
Lack of meibomian glands leads to the loss of protective
lipids within a tear film, and therefore the corneal epithe-
lium is constantly exposed to dust, UV radiation, and other
mechanical stresses, causing chronic irritations. We
therefore postulated that the cell fate switch of Notch1-
deficient corneal epithelium might be the consequence
of a defective repair mechanism after wounding of the
corneal epithelium. To test this hypothesis, one eye of
3-week-old Notch1K14Cre mice was closed in order to
protect the corneal epithelium from chronic irritations,
while the second eye was left untouched (Figure 5A).
Once the open eye developed a macroscopically visible
opaque plaque the closed eye was reopened. As ex-
pected, the protected eyes of Notch1K14Cre mice had not
developed any macroscopic lesions (Figure 5A). In
addition, immunohistochemical analysis confirmed that
skin-specific markers such as keratin 1 were expressed
in Notch1-deficient corneas that developed the opaque
plaque, but not in the protected eyes (Figures 5B and
5C). These results strongly suggest that the cell fate
switch of Notch1-deficient corneal epithelium is initiated
by wounding of the epithelium. To further confirm this
observation, we performed wound-healing experiments
on the corneal epithelium. To this end, the corneal epithe-
lium of 3-week-old Notch1K14Cre mice (which have nor-
mal corneas) and littermate controls were mechanically
wounded once a week for 3 weeks and subsequently
analyzed. The wounding experiments were performed in
two different ways. In one set of experiments (n = 10),
the entire corneal epithelium was removed, whereas inDeveloa second set of experiments, only the epithelium at the
center of the cornea was removed (n = 10). Independently
of how the wounding experiments were performed, the
results were the same. The epithelium of wounded control
animals did not show any macroscopic alterations, nor
did they show any expression of epidermis-specific
markers (Figures 5D–5G). In contrast, the wounded
Notch1-deficient epithelium was opaque and formed
a macroscopically visible plaque (Figure 5D), which
stained positive for keratin 14 (Figure 5E), keratin 1
(Figure 5F), and loricrin (Figure 5G), indicating that the
Notch1-deficient corneal cells repaired the wound into
a skin-like epidermis.
Notch1/ Corneal Progenitors Can Still Migrate
to the Wound But Can No Longer Differentiate
into Corneal Epithelium
The current view is that corneal stem cells residing in the
basal layer of the limbal epithelium are responsible for
constant renewal of the corneal epithelium, as well as for
the repair of extensive corneal wounds (Cotsarelis et al.,
1989). We therefore reasoned that the failure to repair
wounded Notch1-deficient corneal epithelium might be
caused by either perturbed migration and/or differentia-
tion of corneal stem cell-derived progenitors to the
wound. If the cell fate switch of the Notch1-deficient cor-
neal epithelium is mediated by impaired migration of stem
cells residing in the limbus, then ablation of these stem
cells followed by wounding of the central cornea of control
animals should result in the formation of skin-like epi-
dermis. To test this hypothesis, we ablated the epithelial
cells of the limbus of control and Notch1K14Cre mice using
an ophthalmic cautery and subsequently mechanically
wounded the central cornea once a week for a period of
3 weeks (Figures 6A and 6B). Surprisingly, the corneal
epithelium of control mice repaired the wound normally
despite the lack of limbal stem cells. As previously shown,
repair of the Notch1-deficient corneal epithelium resulted
in the formation of an opaque plaque, which was histolog-
ically identified as skin-like epidermis (Figure 6C). These
results suggest that limbal stem cells are not essential
for repair of a wounded cornea, and moreover, that the
central cornea must therefore harbor stem and/or progen-
itor cells that have the capacity to repair a wound. How-
ever, in the absence of Notch1, these cells have lost the
capacity to replace the wounded corneal epithelium and
instead differentiate by default into skin.
To further address the question of whether these
Notch1-deficient corneal progenitors can still migrate to
the wound, full thickness transplants (that include the cor-
neal epithelium and matrix) were obtained from the central
part of the cornea ofNotch1-R26RK14Cre mice (before they
develop the opaque plaque) and transplanted to the lim-
bus region of nude mice. The transplants remained lacZ
positive for the duration of the experiment (>6 months),
indicating Cre-recombinase activity and thus Notch1
inactivation within the transplanted corneal epithelium.
The Notch1-deficient transplanted epithelial cells did not
migrate without wounding. After extensive wounding ofpmental Cell 13, 242–253, August 2007 ª2007 Elsevier Inc. 247
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Notch1 and Corneal RepairFigure 5. Wounding of the Notch1-Deficient Corneal Epithelium Is Required for Plaque Development
(A–C) Protection of the corneal epithelium by stitching up the eyelids prevents plaque formation. (A) Prevention of corneal plaque development on
protected Notch1-deficient (N1 K14Cre) corneas compared to unprotected N1 K14Cre corneas. (B and C) Keratin 14 and keratin 1 immunohisto-
chemistry indicating that keratin 14 is expressed in control (Ctrl) and Notch1-deficient (N1 K14Cre) corneal epithelium, whereas keratin 1 is only
expressed in the corneal epithelium of Notch1-deficient mice.
(D–G) Wounding of Notch1-deficient corneas induces plaque formation. (D) Plaque formation on the cornea of 6-week-old Notch1-deficient
(N1 K14Cre) mice that were wounded once a week for 3 weeks. Wounding of the corneal epithelium of control (Ctrl) mice does not result in plaque
formation. (E–G) Keratin 14, keratin 1, and loricrin immunohistochemistry indicating that keratin 14 is expressed in control (Ctrl) and Notch1-deficient
(N1 K14Cre) wounded corneas, whereas keratin 1 and loricrin are only expressed in the corneal epithelium of wounded N1 K14Cre mice. Scale bars:
250 mm (B and C) and 150 mm (E–G).the cornea, lacZ-positive Notch1/ cells migrated from
the transplants toward the wound (similar to control cells
derived from R26 mice [data not shown]), indicating that
Notch1-deficient cells are still migration competent
(Figure 6F). Even 6 months after wounding, the repaired
corneal epithelium was still lacZ positive. During this
period Notch1/ cells have not been replaced by host-
derived cells.
Notch1 Controls CRBP1 Expression and Is Thereby
Linked to Vitamin A Metabolism
In order to gain more mechanistic insights on Notch1 func-
tions in skin and cornea, we performed Affymetrix micro-
array analyses using Notch1-deficient keratinocytes or
keratinocytes overexpressing the dominant active cyto-
plasmic domain of Notch1 (N1IC). We thereby identified
CRBP1 as a potential Notch1 target gene. In the Notch1248 Developmental Cell 13, 242–253, August 2007 ª2007 Elsevigain-of-function experiment, CRBP1 was upregulated
21-fold while it was downregulated 7-fold in Notch1-
deficient keratinocytes. CRBP1 caught our attention
because it is important in vitamin A (retinol) metabolism,
which is essential for vision (Ong, 1994). Humans, in
particular children with nutritional vitamin A deficiency,
develop xerophthalmia, which in its severe form leads to
corneal blindness (Sommer, 1998, 2003). Certain forms
of human xerophthalmia are characterized by corneal
opacity and keratinization, which closely resembles the
phenotype of Notch1-deficient corneas that have adopted
an epidermis-like phenotype. To test whether CRBP1 is
indeed a Notch1 target gene, corneas of control and
Notch1-deficient animals were stained for CRBP1. While
CRBP1 is expressed in the basal cell layers of corneas de-
rived from control animals, it is absent in Notch1-deficient
corneas, indicating that Notch1 is necessary for CRBP1er Inc.
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Notch1 and Corneal RepairFigure 6. Stem/Progenitor Cells within
the Corneal Epithelium Participate in
Wound Repair, while Notch1-Deficient
Stem/Progenitor Cells Form a Kerati-
nized Plaque
(A) Schematic representation of the following
experimental procedure: (1) surgical burning
of the limbus; (2) wounding of the corneal
epithelium.
(B) H&E staining on sections of the burned
limbus indicating the destroyed limbal region.
(C) Control (Ctrl) versus Notch1-deficient (N1
K14Cre) corneas having undergone the proce-
dure of limbal burning and subsequent corneal
wounding schematized in (A). In the absence of
limbal stem cells, a wounded corneal epithe-
lium is repaired normally, while Notch1 defi-
ciency results in the formation of a skin-like
epithelium.
(D) Corresponding H&E staining.
(E) Schematic representation of the following
experimental procedure: (1) graft isolation
fromN1R26RK14Cre central cornea; (2) trans-
plantation of the isolated graft onto the limbus
region of athymic nu/nu mice and subsequent
wounding of the central cornea; and (3) analy-
sis at different time points to assay for migra-
tion and retention of N1/ cells in the central
cornea.
(F) LacZ staining on nonwounded and
wounded eyes carrying the transplant (as
described in [E]). Right panel: Corresponding
histological analysis. Scale bars: 100 mm (B)
and 150 mm (D).expression (Figure 7A). Computational sequence analysis
of the CRBP1 promoter revealed four conserved CSL
binding sites within 4 kb upstream of the ATG start codon
(Figure 7B). This putative promoter region was cloned up-
stream of a luciferase reporter gene and assessed for
Notch responsiveness in keratinocytes. Expression of
the dominant-active Notch1 (N1IC) induced transcription
of the reporter gene 20-fold, while mutation of all four
CSL binding sites reduced Notch responsiveness of the
promoter significantly but not to basal level (Figure 7C).
No transcriptional derepression was observed in the
absence of the CSL binding sites. Furthermore, CRBP1
was confirmed as a direct Notch1 target gene by ChIP
assay performed on differentiated wild-type primary kera-Developtinocytes using an antibody recognizing the active form of
Notch1 (N1IC Ab). Specific primer pairs were designed to
allow amplification of putative CSL binding sites 1 and 2,
site 3, and site 4 by polymerase chain reaction (PCR).
CSL binding sites 1, 2, and 3, but not binding site 4,
were preferentially immunoprecipitated, suggesting that
Notch1 transcriptionally activates CRBP1 expression by
utilizing three out of four possible CSL binding sites
(Figure 7D). These results indicate that the CRBP1
promoter is regulated by both direct and indirect Notch-
mediated mechanisms.
To investigate whether loss of CRBP1 expression is
causative for the cell fate switch of wounded Notch1-
deficient corneas, we performed corneal wound-healingmental Cell 13, 242–253, August 2007 ª2007 Elsevier Inc. 249
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Notch1 and Corneal RepairFigure 7. CRBP1 Expression Is Induced by Notch1 in Corneal
Epithelium
(A) CRBP1 immunohistochemistry (green) indicates total absence of
CRBP1 expression in the Notch1-deficient (N1 K14Cre) compared to
control (Ctrl) corneal epithelium. Nuclei are counterstained with DAPI
(blue).
(B) Representative scheme of the murine CRBP1 promoter region.
(C) Induction of CRBP1 promoter activity by active Notch1 (N1IC) and
partial reduction of this activity upon mutation of the four putative
CSL binding sites. The luciferase assay was performed in primary ker-
atinocytes with p50CRBP1-luc or p50CRBP1mut-luc and an N1IC-
expressing vector.
(D) ChIP performed on differentiated primary keratinocytes using an an-
tibody that recognizes active Notch1 (N1IC Ab) or IgG as a control fol-
lowed by PCR amplification of various regions of the CRBP1 promoter
as indicated in the schematic in (B). Unprecipitated chromatin prepara-
tions were similarly analyzed (input DNA).
(E) Wounded CRBP1 KO mice develop a corneal plaque similar to
Notch1-deficient mice (arrow).
(F) Corresponding H&E staining. Scale bars: 20 mm (A) and 50 mm (E).250 Developmental Cell 13, 242–253, August 2007 ª2007 Elsevexperiments using CRBP1/ mice (Ghyselinck et al.,
1999). While mechanically wounded control animals
showed a normal corneal epithelium after repair, the
epithelium of CRBP1-deficient animals was opaque and
formed a small macroscopically visible plaque (Figure 7E).
Changes within the corneal epithelium are accompanied
by differences in the corneal stroma similar to what is
observed in Notch1-deficient corneas (Figure 7F).
DISCUSSION
The cornea is a bona fide self-renewing tissue, which
harbors stem cells that control homeostasis and regener-
ation after injury (Cotsarelis et al., 1989; Lehrer et al.,
1998). However, the molecular mechanisms involved in
these processes are largely unknown. Our results demon-
strate that Notch1 signaling is essential for wound healing
of the corneal epithelium as well as for the maintenance
of meibomian glands. Meibomian glands produce and
secrete lipids into the protective tear film covering the
corneal epithelium (Bron et al., 2004). Meibomian gland
dysfunction due to Notch1 inactivation causes the disrup-
tion of the protective tear film, which consequently leads
to chronic irritation and wounding of the corneal epithe-
lium. Such minor injuries of the corneal epithelium are
normally repaired quite easily by stem cells and their deriv-
atives. However, Notch1-deficient corneal cells can no
longer repair a wounded cornea into transparent corneal
epithelium, but instead generate a skin-like epidermis
resulting in corneal blindness. In contrast to its essential
role in tissue regeneration of the corneal epithelium,
Notch1 appears to be dispensable for normal homeosta-
sis of the corneal epithelium, since protecting a Notch1-
deficient corneal epithelium from injuries (for example,
by closing the eyelid of Notch1-deficient animals over
a period of >3 months) is sufficient to maintain the corneal
cell fate. Thus, homeostatic maintenance or repair of
the corneal epithelium relies on different molecular
mechanisms, with Notch1 only being involved in tissue
regeneration.
Notch1 deficiency in a repair situation of the cornea
results in the development of skin-like epithelium instead
of corneal epithelium. This skin-like epithelium differs
from the normal murine epidermis as it exhibits extensive
hyperproliferation as well as epithelial invaginations into
the underlying stroma. Notch1-deficient murine skin is
also hyperproliferative (Rangarajan et al., 2001), partially
due to increased b-catenin signaling (Nicolas et al.,
2003), which is also observed in the skin-like epidermis
of Notch1-deficient corneas (Figure S2). The epithelial
invaginations in Notch1-deficient corneas could be inter-
preted as an attempt to generate hair follicles. However,
we never observed formation of hair or sebaceous glands
most likely because Notch1 signaling is essential for the
development and homeostasis of both types of append-
ages in the murine epidermis (Pan et al., 2004; Vauclair
et al., 2005). A long-term consequence of Notch1 defi-
ciency in the skin is the development of basal cell-like car-
cinomas 9–12 months post-Notch1 inactivation (Nicolasier Inc.
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observed in the skin-like epithelium of Notch1-deficient
corneas, not even in very old mice (>15 months). Thus,
with the exception of the tumor lesions, the skin-like
phenotype of Notch1-deficient corneas recapitulates the
phenotype observed in Notch1-deficient epidermis.
Notch, Cell Fate Decisions, and Microenvironment
The cellular microenvironment is crucial for both mainte-
nance of stem cells as well as for cell fate decisions during
differentiation. Most, but not all, self-renewing tissues
contain specialized microenvironments (niches) that
harbor long-term resident stem cells (Fuchs et al., 2004).
Niche cells and stem cells exchange signals allowing the
stem cells to cycle slowly and to preserve their multi- or
oligopotency. However, once a stem cell migrates out of
its niche, the local microenvironment together with the
intrinsic nature of the stem cell will dictate its differentia-
Figure 8. Model Suggesting How the Absence of Notch1
in Corneal Epithelial Cells Results in the Formation of an
Epidermis Instead of a Corneal Epithelium
(A) Notch1 inhibits FGF-2 expression and induces CRBP1 expression
in corneal epithelium. Modulation of CRBP1 expression by Notch1 in
corneal epithelium suggests an important role for retinoic acid signal-
ing during corneal tissue regeneration. Briefly, CRBP1 is implicated in
the transport and uptake of retinol from the blood into the cell, where it
is subsequently processed into signaling competent retinoic acid.
(B) In a normal situation (wild-type), the tear film protects the corneal
epithelium and homeostasis of the epithelial and stromal compart-
ments is maintained. In absence of Notch1 (Notch1 deficient), the
meibomian gland defect results in loss of the tear film, causing micro-
lesions of the corneal epithelium. Signals from the wounded epithelium
(purple arrows) are sent to the Notch1-deficient corneal cells, which
cannot differentiate into normal corneal epithelial cells anymore. The
Notch1-deficient epithelial cells secrete FGF-2 (green arrows) to the
underlying stroma to induce blood vessel formation and remodeling
of the underlying stroma. This new stroma, highly resembling the der-
mis, finally signals back (blue arrows) to support the differentiation into
epidermis. Ep, corneal epithelium; S, stroma; S0, dermis-like stroma;
En, corneal endothelial layer.Develoption potential. Thus, we were intrigued to see that develop-
ment of the skin-like epidermis within the Notch1-defi-
cient cornea was always accompanied by changes
within the underlying stroma. Temporal analysis of mice
with Notch1-deficient corneas revealed that the cell fate
change of a wounded cornea is preceded by changes
within the stroma. Loss of Notch1 in the corneal epithelium
results first in upregulation of FGF-2, a well-known angio-
genic (Friesel and Maciag, 1995) and fibroblast growth
factor (Takehara, 2000), by the corneal epithelium, sug-
gesting that Notch1 signaling represses its expression
(Figure 8A). Subsequently, increased expression of FGF-
2 is responsible for the vascularization and enhanced
fibroblast cellularity within the stroma of Notch1-deficient
mice. Only after formation of this new microenvironment
will the Notch1-deficient corneal cells differentiate into
a skin-like epidermis (Figure 8B). These results suggest
that the new microenvironment must provide specific
signals that allow corneal cells to differentiate into epider-
mis, which has also been observed in in vitro coculture
experiments using corneal epithelium and embryonic
mouse dermis (Pearton et al., 2005). However, the nature
of these signals remains to be determined. Thus, the cell-
fate switch of Notch1-deficient corneal cells during tissue
repair is not a simple Notch1-controlled switch mecha-
nism like those seen in many cell fate decisions at devel-
opmental branch points (Morrison et al., 2000; Radtke
et al., 1999; Wilson et al., 2001), where Notch influences
multipotent progenitor cells that will adopt one of two pos-
sible cell fates depending on whether they receive a Notch
signal. The cell fate switch of Notch1-deficient corneal
cells is more complex and involves cell nonautonomous
signals mediated by the underlying stroma.
Notch and Vitamin A Metabolism
Vitamin A (or retinol) is an essential nutritional component
for growth and development during embryogenesis and is
crucial for good vision after birth (Blomhoff et al., 1990,
1991). Vitamin A deficiency (in mammals) can lead to
clinical manifestations of xerophthalmia, which in its
severe form leads to blindness. Xerophthalmia includes
ocular symptoms affecting the retina, the conjunctiva,
and the cornea. Corneal lesions caused by vitamin A defi-
ciency are characterized by keratinization and opacifica-
tion of the epithelium, which is the main cause of blindness
in young children (Diniz Ada and Santos, 2000). A con-
servative estimate from WHO reports 1.5 million blind
and 5 million visually disabled children worldwide, with
350,000 new cases every year as a result of vitamin A de-
ficiency (Diniz Ada and Santos, 2000; Whitcher et al.,
2001).
Animals fed a vitamin A-deficient diet recapitulate the
clinical symptoms in humans by showing keratinization
and neovascularization of the cornea. The corneal epithe-
lium of these animals shows high expression of keratin
14 and keratin 10 (Toshino et al., 2005), which is also
observed in Notch1-deficient corneas. The similarities
between the clinical manifestations of humans and ani-
mals suffering from vitamin A deficiency, and themental Cell 13, 242–253, August 2007 ª2007 Elsevier Inc. 251
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ble link between Notch1 signaling and vitamin A metabo-
lism. This link is made by the identification of CRBP1 as
a direct Notch1 target gene in the corneal epithelium.
The function of CRBP1 is to bind and transport different
forms of retinol within the cell so that retinol can be metab-
olized by different enzymes, first to retinal and subse-
quently to retinoic acid (Figure 8A), or in case of vitamin
A excess to retinyl ester, which is the storage form of ret-
inol (Noy, 2000). Gene-targeted mice for CRBP1 develop
normally and are fertile, at least under conditions of vita-
min A sufficiency (Ghyselinck et al., 1999). While the cor-
neal epithelium of CRBP1/ mice appears normal under
steady state conditions, after mechanical wounding, the
epithelium appears opaque, is keratinized, and shows
signs of cellular changes including vascularization within
the underlying stroma. However, plaque formation was
smaller compared to wounded Notch1-deficient corneas.
Thus, loss of CRBP1 partially recapitulates the phenotype
of Notch1-deficient corneas as expected, as the epithe-
lium of CRBP1-deficient corneas still exhibits Notch1
signaling and therefore is not hyperproliferative.
EXPERIMENTAL PROCEDURES
Mice
Notch1lox/lox (Radtke et al., 1999) were crossed with K5CreERT or
K14Cre (Indra et al., 2000) transgenic mice. Double heterozygous
mice were backcrossed in order to generate Notch1lox/lox K5CreERT+/0
(N1K5CreERT) and Notch1lox/lox K14Cre+/0 (N1K14Cre). Genotyping of
Notch1lox/lox mice and preparation of tamoxifen was performed as
previously described (Han et al., 2002; Indra et al., 1999; Radtke
et al., 1999). RosaR26R transgenic mice (Soriano, 1999) were crossed
into N1K14Cre. Athymic (Swiss nu/nu, inbred) mice used for the trans-
plantation experiments were from Iffa Credo-Charles River (France).
Primary Keratinocytes
Primary keratinocytes were prepared from 2- to 3-day-oldNotch1lox/lox
mice as previously described (Rangarajan et al., 2001).
CRBP1 Promoter Analysis
Cloning
The 3170bp 50 upstream region of the murine CRBP1 gene was cloned
into the pGL3-Basic luciferase reporter plasmid (E1751, Promega,
Switzerland).
The four putative CSL binding sites were mutated using the Quik-
Change II Site-Directed Mutagenesis Kit (200523, Stratagene) accord-
ing to the manufacturer’s protocol.
Additional details are available in the Supplemental Data.
Transient Luciferase Assay
Transient transfection was performed with jetPEI transfection reagent
(101-10, Polyplus transfection, USA). All promoter activity studies are
representative of at least three independent experiments. For the
CRBP1 promoter reporter assay, skin primary keratinocytes were
transfected with 0.5 mg of p50CRBP1-luc or p50CRBP1mut-luc and 1
mg of pPyCAGIP-N1IC (Notch1 intracellular domain-expressing vec-
tor). The Renilla-expressing vector pRL-CMV (E2261, Promega, Swit-
zerland) was used as a transfection control. Luciferase activity was as-
sayed 2 days after transfection using the Dual-Luciferase reporter
assay system (#1910, Promega, Switzerland).
Chromatin Immunoprecipitation
Primary wild-type keratinocytes were plated and allowed to differenti-
ate by adding CaCl2 to the medium to a final concentration of 2 mM.252 Developmental Cell 13, 242–253, August 2007 ª2007 ElsevThe ChIP assay was performed on 1 3 106 cells using the ChIP assay
kit (17-295, Upstate) according to manufacturer’s instructions. Immu-
noprecipitations were performed using 25 ml of an anti-N1IC antibody
(ab8925, Abcam, England) or with 5 mg of normal rabbit IgG (sc-2027,
Santa Cruz Biotechnology, Germany) with an overnight incubation at
4C. Immunoprecipitated DNA was amplified using PCR primer pairs
mentioned in the Supplemental Data.
Histology and Immunohistochemistry
For details on immunohistochemistry, see the Supplemental Data.
Surgical Procedures
Experiments were performed according to the Swiss guidelines and
authorized by the veterinarian authorities of the canton de Vaud.
Mice were anesthetized with a mixture of ketamine (0.104 mg/g of
body weight) and xylasine (0.33 mg/g of body weight) in phosphate-
buffered saline (PBS). For postoperative analgesia, operated mice re-
ceived 0.07 mg/g body weight of buprenorphine. The surgical proce-
dures were performed under a sterile environment using a dissecting
binocular microscope (Zeiss). Sutures for eyelids were Vicryl 8.0 (Ethi-
con). To prevent epithelial desiccation, operated eyes were moistur-
ized during surgery. The limbus was burned using an ophthalmic cau-
tery, and corneal epithelial wounds were performed with a hockey
spatula. Tissues were stored in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% calf serum (Hyclone) after they
were harvested and before they were stitched in place. Sutures were
Biosord 10.0 (Alcon Surgical) and 11.0 nylon (Mani, Inc., Japan) for
transplants. For wounding, the entire surface of the cornea to the
exclusion of the limbal region was exposed for 30 s to 20% ethanol
applied with a cotton-tip applicator before it was washed with PBS.
Complete removal of corneal epithelial tissue was achieved using an
Alcon ophthalmic knife with 45 cutting edge. Efficacy of wounding
was monitored using an ophthalmic fluorescein solution.
The following instruments were used: an ophthalmic cautery, Van-
nas scissors, a Troutman-O’Brien needle holder, Bonn and Barraquer
forceps, a hockey spatula, and a 1.5 mm diameter corneal trephine
(Moria).
Supplemental Data
Supplemental Data include supplemental experimental procedures
and two supplemental figures and are available at http://www.
developmentalcell.com/cgi/content/full/13/2/242/DC1/.
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